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In order to ascertain whether and how mitochondria can produce hydrogen peroxide (H2O2) as a
result of L-lactate addition, we monitored H2O2 generation in rat liver mitochondria and in submi-
tochondrial fractions free of peroxisomal and cytosolic contamination. We found that H2O2 is pro-
duced independently on the respiratory chain with 1:1 stoichiometry with pyruvate, due to a
putative ﬂavine-dependent L-lactate oxidase restricted to the intermembrane space. The L-lactate
oxidase reaction shows a hyperbolic dependence on L-lactate concentration and is inhibited by
NAD+ in a competitive manner, being the enzyme different from the L-lactate dehydrogenase isoen-
zymes as shown by their pH proﬁles.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The production of reactive oxygen species (ROS), including
hydrogen peroxide (H2O2), by mitochondria is important in redox
signalling from the organelle to the rest of the cell [1] and contrib-
utes to mitochondrial damage in a range of pathologies. Conse-
quently, ‘‘knowledge of how mitochondria produce ROS is vital to
understand a range of currently important biomedical topics” [2].
In this regard L-lactate (L-LAC), which can be taken up and metab-
olised by mitochondria [3], was shown both to increase H2O2 levels
in L6 cells and to up-regulate hundreds of genes responsive to ROS
in vitro [4].
Thus we investigate whether and how L-LAC can generate H2O2
when added to puriﬁed rat liver mitochondria (pRLM). We show
that this occurs due to a putative ﬂavine-dependent L-lactate oxi-
dase (L-LAC-OX), restricted to the intermembrane space (IMS)
and inhibited by NAD+ in a competitive manner.2. Materials and methods
All enzymes and reagents were from Sigma except methylma-
leic and phenylsuccinic acids (Fluka), sodium arsenite, benzylchemical Societies. Published by Eamine and Lubrol WX (Baker). Their solutions were prepared as
in [5].
2.1. Isolation of pRLM and subcellular fractionation
Either crude or pRLM were obtained frommale Wistar rats as in
[6]. pRLMwere free of peroxisomal contamination as shown by the
absence of both urate and acyl-CoA oxidase activities assayed as in
[6] and [7], respectively. Microsomal and cytosolic contamination
was checked by assaying NADPH-cytochrome c reductase and glu-
cose 6-phosphate dehydrogenase (G6P-DH), as in [6] and [5]
respectively.
The cytosolic and mitochondrial fractions were obtained as in
[5] and [8], respectively. The protein content and the purity of
the fractions were determined as in [5,9]. The absence of NADPH
oxidase activity in pRLM and submitochondrial fractions was con-
ﬁrmed as in [10].
2.2. H2O2 assays
H2O2 generation was checked by measuring the reduction of
H2O2 by horseradish peroxidase (4.5 e.u.) coupled to the oxidation
of either O-dianisidine (DIAN, 350 lM), measured as absorbance
increase at 460 nm (e460nm = 9.5 mM1 cm1) (DIAN-METHOD)
[11,12], or HOVA (200 lM) measured as ﬂuorescence increase at
the excitation/emission wavelengths of 312/420 nm (HOVA-
METHOD) (see [13] and Scheme 1).lsevier B.V. All rights reserved.
Scheme 1. L-Lactate and rat liver mitochondria. The L-LAC metabolism and transport in RLM are described as derived from this paper and from references in [3].
Abbreviations: Metabolites: AC-CoA, acetyl-CoA; L-LAC, L-lactate; OAA, oxaloacetate; PYR, pyruvate; Mitochondrial carriers: LAC, L-LAC/H+ symporter; PYR, PYR carrier; LAC/
PYR, L-lactate/pyruvate antiporter; LAC/OAA, L-lactate/oxaloacetate antiporter. Enzymes: L-LAC-OX, the putative L-lactate oxidase; cLDH, cytosolic lactate dehydrogenase;
mLDH, mitochondrial lactate dehydrogenase; 1, pyruvate dehydrogenase; 2, pyruvate carboxylase. L-LAC-OX detecting systems: redDIAN/oxDIAN reduced/oxidized O-
DIAisidine; redHOVA/oxHOVA reduced/oxidized homovanillic acid; HRP, horseradish peroxidase; PMSred/PMSox, reduced/oxidized phenazine methosulphate; DCIPred/
DCIPox, reduced/oxidized dichloroindophenol; "F/A, ;F/A, ﬂuorescence/absorbance increase and decrease, respectively. Other abbreviations: e, electrons; I, complex I; IV,
complex IV; MIM, mitochondrial inner membrane; MOM, mitochondrial outer membrane; R.C., Respiratory Chain; ROT, rotenone.
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Oxygen consumption and changes of the redox state of the
mitochondrial ﬂavine, monitored either ﬂuorimetrically or photo-
metrically by using phenazine methasulphate (PMS) and dichloro-
indophenol (DCIP), were checked as in [5].
The mitochondrial and the cytosolic L-lactate dehydrogenase
(m- and c-LDH) were assayed photometrically at 334 nm with
L-LAC (10 mM) and NAD+ (1 mM) as a substrate pair (e334nm =
6.22 mM1 cm1).3. Results
To monitor H2O2 generation in pRLM, HOVA-METHOD was ﬁrst
used: the addition of L-LAC, but not of D-LAC (15 mM each), re-
sulted in H2O2 generation occurring at a rate of about 2 nmol
H2O2 formed/min mg mitochondrial protein either in the ab-
sence or presence of ROT/antimycin A (AA) (Fig. 1Aa). No H2O2
generation was found due to either pyruvate (PYR) (not shown)
or PYR plus malate (5 mM each) addition, either in absence or
presence of ROT, but occurred a low rate in the presence of AA
(Fig. 1Ab). H2O2 generation was not found with urate (0.1 M)
alone, but only after urate oxidase addition (inset to Fig. 1A). In
parallel we found that L-LAC (15 mM) addition to pRLM causedoxygen consumption partially inhibited by ROT. D-LAC (10 mM)
addition restored respiration in a manner partially inhibited by
AA (Fig. 1Ba). Notice that ROT completely abolished the oxygen
uptake by either PYR plus malate (5 mM each) or b-hydroxybuty-
rate (not shown), with the oxygen consumption partially restored
by L-LAC (15 mM) addition, but inhibited by the bacteric L-LAC-OX
inhibitor oxalate (OXA, 20 mM) [14] (inset to Fig. 1Ba). Oxygen
consumption was unaffected by either 1 mM ADP (not shown)
or the uncoupler FCCP (1.25 lM) (Fig. 1Bb), which strongly in-
creased b-hydroxybutyrate oxidation (inset to Fig. 1Bb), whereas
it was about 50% decreased by catalase (700 e.u.) (Fig. 1Bc), this
conﬁrming that L-LAC-dependent oxygen consumption is due to
H2O2 generation.
To ascertain how L-LAC oxidation occurs, we monitored the re-
dox state of the mitochondrial ﬂavine [5]; as a result of L-LAC
(15 mM) addition to solubilised pRLM, ﬂavine reduction was found
as shown by ﬂuorescence decrease (Fig. 2A). Accordingly, L-LAC
(15 mM) addition to pRLM caused the decrease in DCIP absorbance
[6], in a ROT-insensitive manner (Fig. 2B).
Fig. 1 and 2 show that L-LAC-dependent H2O2 generation occurs
in a manner stereospeciﬁc, independent on the respiratory chain,
via a ﬂavine-dependent enzyme, perhaps the putative L-LAC-OX
(Scheme 1).
In Table 1a comparison was made between crude and puriﬁed
mitochondria with respect to the occurrence of both urate and
Fig. 1. L-Lactate addition to pRLM causes H2O2 production. (A) pRLM (0.1 mg protein) were suspended at 25 C in 2 ml of medium A consisting of 210 mM mannitol, 70 mM
sucrose, 3 mM MgCl2, 0.1 mM EDTA, 5 mM KH2PO4–K2HPO4, 20 mM Tris–HCl pH 7.4; where indicated rotenone (+ROT) or antimycin A (+AA) (2 lg each) were also present.
H2O2 production was checked according to the HOVA-METHOD. At the arrows the following additions (X) were made: L-LAC (15 mM), D-LAC (15 mM) (a), pyruvate (PYR) plus
malate (MAL) (5 mM each), urate (0.1 mM) and urate oxidase (UO, 0.4 e.u.) (b). Numbers along curves are rates of H2O2 generation expressed as nmol/min mg
mitochondrial protein. (B) pRLM (2 mg protein) were suspended at 25 C in 1.5 ml of medium A either in the absence (a, insets) or presence (b and, c) of ROT (2 lg) and
oxygen consumption was measured. At the arrows L-LAC (15 mM), PYR plus MAL (5 mM each), b-hydroxybutyrate (b-OH-BUT, 5 mM), D-LAC (10 mM), ROT (2 lg), AA (1.5 lg),
oxalate (OXA, 20 mM), FCCP (1.25 lM) and catalase (700 e.u.) were added. Numbers along the curves are rates of oxygen uptake expressed as ng-atoms O/min mg
mitochondrial protein.
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Fig. 2. L-Lactate dependent mitochondrial ﬂavin reduction in pRLM. (A) pRLM
(0.1 mg) dissolved with Triton-X100 (0.2%) were incubated at 25 C in 2 ml of
medium B consisting of 0.2 M sucrose, 10 mM KCl, 20 mM Hepes–Tris, 1 mM
MgCl2 (pH 7.2). Flavine ﬂuorescence was measured at the excitation–emission
wavelengths of 450–520 nm as a function of time. At the arrow L-LAC (15 mM)
was added. (B) pRLM (2 mg protein) were suspended at 25 C in 2 ml of medium
B added with 30 lM PMS plus 50 lM DCIP. Where indicated ROT (2 lg) was also
present. The absorbance at the wavelength of 600 nm was monitored as a
function of time. At the arrow L-LAC (15 mM) was added. The number along the
curves is the rate of DCIP reduction expressed as nmol/min mg mitochondrial
protein.
Table 1
The L-LAC-OX localization in mitochondria. (a) Puriﬁed mitochondria are free of both
cytosolic and peroxisomal contamination. Solubilized crude and puriﬁed RLM (c and
pRLM, respectively) and the cytosol fraction (0.1 mg each) were checked for the
occurrence of the putative L-lactate oxidase (L-LAC-OX), measured as in Fig. 1A, and
of urate and acyl-CoA oxidases and glucose 6-phosphate dehydrogenase (G6P-DH)
assayed as described in the Section 2. (b) L-LAC-OX is restricted to the mitochondrial
intermembrane space. The mitochondrial fractions (0.2 mg each), obtained from
pRLM, were checked for the occurrence of L-LAC-OX measured either as H2O2
generation (Fig. 3B) (A) or DCIP reduction (Fig. 2B) (B), monoamine oxidase (MAO),
adenylate kinase (ADK), succinate (SDH) and glutamate (GDH) dehydrogenases (see
Section 2). No G6P-DH activity and no MAO, ADK, SDH and GDH activity were
found in mitochondrial and cytosolic fractions, respectively (not shown). In (b)
numbers (means of ﬁve experiments, ±standard errors, performed with different
RLM, cytosol and mitochondrial fractions preparations) refer to speciﬁc activities
reported as the percentage of the sum of the speciﬁc activities measured in all the
fractions.
(a) Speciﬁc activity (nmol/min mg sample prot.)
L-LAC-OX G6P-DH Urate oxidase Acyl-CoA-oxidase
cRLM 1.5 ± 0.2 0.2 ± 0.1 5.0 ± 1.0 0.5 ± 0.1
pRLM 2.3 ± 0.3 0.0 0.0 0.0
Cytosol 0.0 20 ± 3.0 0.0 0.0







MAO ADK SDH GDH
Outer membrane 0 0 82.0 ± 10 3 ± 2 2 ± 2 0
Intermembrane
space
100 100 0 92 ± 7 0 4 ± 3
Inner membrane 0 0 7 ± 5 0 90 6 ± 6
Matrix 0 0 5 ± 5 2 ± 2 5 ± 4 90 ± 10
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free of contaminations, L-LAC-OX activity was checked in the mito-
chondrial fractions obtained from pRLM, together with those of
monoamine oxidase, adenylate kinase, succinate dehydrogenase
and glutamate dehydrogenase, marker enzymes of the mitochon-
drial outer membrane, IMS, inner membrane and matrix, respec-
tively (Table 1b). The putative L-LAC-OX was found restricted to
IMS fraction.
Accordingly, O2 consumption occurred in a manner insensitive
to ROT due to the addition to the IMS fraction of L-LAC, but not
of D-LAC, urate, succinate, glutamate plus malate and PYR
(Fig. 3A and inset). To ascertain that the putative L-LAC-OX reaction
results in PYR and H2O2 formation, H2O2 generation due to L-LAC
(15 mM) addition was monitored via DIAN-METHOD up to
10 min. It was found to occur linearly at a rate of 1.9 nmol/min.
Then NADH (0.2 mM) was added and the wavelength rapidly
switched from 460 to 334 nm; ﬁnally LDH (3 e.u.) was added to
check the PYR formation: about 20 nmol of PYR were formed in
11 min after L-LAC addition, thus showing that H2O2 and PYR for-
mation occurs with a 1:1 stoichiometry (Fig. 3B).
The dependence of the rate of H2O2 formation on increasing
L-LAC concentration was investigated in the IMS fraction. A hyper-bolic dependence on L-LAC concentration was found (Fig. 4). In
three separate experiments, Km and Vmax mean values were
5.2 ± 1.0 mM and 11.5 ± 4.4 nmol H2O2 formed/min mg IMS pro-
tein, respectively.
The pH proﬁle of the putative L-LAC-OX and of m- and c-LDH
were determined in IMS, mitochondrial matrix and cytosol frac-
tions, respectively (Fig. 5A): L-LAC-OX activity is rather constant
in 6–9 pH range, whereas both LDH activities increase with pH,
but in a different manner, this showing that the three enzymes
are different. This is conﬁrmed by the inhibition of L-LAC-OX reac-
tion by NAD+ which occurs in a competitive manner (Ki = 30 lM)
(Fig. 5B).4. Discussion
This paper shows that RLM possess a putative ﬂavine-depen-
dent L-LAC-OX which catalyses H2O2 and pyruvate production from
L-LAC and oxygen (see Scheme 1). Accordingly, a hyperbolic depen-
dence of the L-LAC concentration was found. That the L-LAC-OX dif-
fers from the LDH isoforms is shown by the different pH proﬁles
and by different NAD+ sensitivity.
The evidence that the putative L-LAC-OX is restricted to IMS
fraction, free of peroxisomal, cytosolic and microsomal contami-
nation, deﬁnitely shows that H2O2 production does not depend
on the mitochondrial respiratory chain activity. One could argue
that if RLM contain L-LAC-OX, there should be evidence of it in
the mitochondrial genome/proteome. We have found that among
the over 1000 mitochondrial proteins recognized in the mouse
Fig. 3. The speciﬁcity and stoichiometry of L-LAC-OX reaction. (A) Oxygen consumption due to the addition to IMS fraction (0.5 mg) of the following substrates (S) was
monitored as in Fig. 1B: L-LAC, D-LAC, succinate (SUCC) (15 mM each), urate (0.1 mM), malate, glutamate (10 mM each) or pyruvate (PYR, 1 mM). Where indicated ROT (2 lg)
was also present. Numbers along curves are rates of oxygen uptake expressed as ng-atoms O/min mg IMS protein. (B) IMS fraction (0.2 mg) was incubated in 2 ml of
medium C consisting of 145 mM KCl, 30 mM Hepes, 5 mM KH2PO4, 3 mM MgCl2, 0.1 mM EGTA, and 0.1% fatty-acid-free albumin, pH 7.4, at 25 C. H2O2 generation due to L-
LAC (15 mM) addition was monitored via DIAN-METHOD up to 10 min. Then NADH (0.2 mM) was added and the wavelength switched from 460 to 334 nm; ﬁnally LDH
(3 e.u.) was added to check the pyruvate formation. The number along the curve is the rate of H2O2 generation expressed as nmol DIAN oxidized/min. For details see the text.
Fig. 4. The dependence of the rate of H2O2 generation on increasing L-lactate
concentrations. L-LAC-OX reaction was measured as in Fig 3B at increasing L-LAC
concentrations. Km and Vmax mean values were 5.2 ± 1.0 mM and 11.5 ± 4.4 nmol
H2O2 formed/min mg IMS protein, respectively.
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hydroxyacid oxidases are enumerated: this makes likely also
the existence of the putative L-LAC-OX. Notice that since the dis-
crimination of signals directing to the substructures of mitochon-
dria, e.g. intermembrane space, is not attempted by programs for
the prediction of protein localization this can result in the exclu-
sion of some proteins, including L-LAC-OX, from mitochondrial
proteome databases, this rendering decisive the kinetic
investigation.
The novel L-LAC-OX could account for the induction of adaptive
H2O2-mediated cell response due to L-LAC level increase: in the
light of NAD+ inhibition we propose that at a high NADH/NAD+ ra-
tio L-LAC is partially diverged to cause H2O2 production. Such a ra-
tio increase could result from the impairment of the mitochondrial
shuttles and/or of the respiratory chain, and/or from an increase of
L-LAC transport into the cell. Thus, L-LAC-OX could also account for
removing extra L-LAC from the cytoplasm, thus reducing cell acid-
ity. The occurrence of L-LAC-OX in other mitochondria, including
those exhibiting the lactate oxidation complex [16], is under
investigation.
Fig. 5. pH proﬁles of L-LAC-OX (j), mL-LDH (h) and cL-LDH (N) and inhibition of L-
LAC-OX by NAD+. (A) IMS (0.2 mg protein) (j), cytosol (0.02 mg protein) (h) or
mitochondrial matrix (0.45 mg protein) (N) were incubated at 25 C in a ﬁnal
volume of 2 ml of medium B whose pH was adjusted with either Tris or HCl. L-
lactate oxidase (L-LAC-OX) was assayed as in Fig. 2B. Cytosolic and mitochondrial L-
lactate dehydrogenase (cL-LDH and mL-LDH, respectively) were assayed as in
Section 2.3. The L-LAC concentration was 10 mM. The rates (V) (means ± standard
errors of three experiments performed with different cytosol and mitochondrial
preparations), were expressed as percentage of the rate calculated at pH 7.00 (taken
as 100%). (B) IMS (0.2 mg protein) was incubated at 25 C in 2 ml of medium C
either in the absence or presence of NAD+ at the indicated concentrations. L-LAC-OX
reaction was monitored as in Fig. 3B following 2.5 mM (d) or 15 mM (s) L-LAC
addition. The rate of H2O2 generation was expressed in nmol DIAN oxidized/
min mg IMS protein.
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